Our earlier studies have shown the in vitro and in vivo targeting of a generation 5 (G5) dendrimer-based multifunctional conjugate that contained folic acid (FA) as the targeting agent and methotrexate (MTX) as the chemotherapeutic drug. To clinically apply the synthesized G5-FA-MTX nanotherapeutic, it is important that the anticancer conjugate elicits cytotoxicity specifically and consistently. Toward this objective, we evaluated the large-scale synthesis of a G5-FA-MTX conjugate (Lot # 123-34) for its cytotoxic potential and specificity in vitro and in vivo. The cytotoxicity and specificity were tested by using a coculture assay in which FA receptor-expressing and nonexpressing cells (KB and SK-BR-3 cells, respectively) were cultured together and preferential killing was examined. The in-vitro data were compared with the in-vivo data obtained from a heterogeneous xenograft tumor model. The animal model of the artificial heterogeneous xenograft tumor showed that the nanotherapeutic was preferentially cytotoxic to KB cells.
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Introduction
Traditional anticancer chemotherapy uses drugs that have low functional specificity for cancer cells [1] . As a result, anticancer drugs generally have relatively small therapeutic indices, which lead to considerable nonspecific toxicity. Thus, there is a great need for anticancer drugs that specifically target cancer cells while leaving normal tissue intact.
Several approaches have been explored in an attempt to achieve site-specific chemotherapy, including localized drug administration [2] , antibody-mediated targeting [3] , and exploitation in the vascular structure and lymphatic drainage of solid tumors through the enhanced permeation and retention effect [4] . A large range of nano-carriers and macromolecules have been evaluated for their potential to enhance the biodistribution of chemotherapeutics to solid tumors [4] [5] [6] [7] [8] .
Recently, a large number of applications have been found for hyperbranched polymers and dendrimers in delivering drugs and genetic materials into cells [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Compared with conventional polymers, dendrimers have structural and functional advantages emanating from their precise architecture and low polydispersity, which are synthesized in a layer-by-layer manner (called generation) around a core unit, resulting in a high level of control over size, branching points, and surface functionality [5] . The ability to tailor dendrimer properties to therapeutic needs makes them ideal carriers for small molecules such as drugs and biomolecules. Dendrimers have nanoscale container and nano-scaffolding properties and are biocompatible [5, [20] [21] [22] [23] [24] [25] .
Conjugation of methotrexate (MTX) and folic acid (FA) to hydrazide-terminated dendrimers revealed that MTX and FA can be coupled to the dendrimer with conjugation ratios of 4.7 and 12.6, respectively [16] . In another study a 2.5 and 3-generation Poly(amido amine) dendrimers (PAMAM) dendrimer was used for the synthesis of an anticancer drug containing MTX. The conjugates increased the sensitivity of drug-resistant cell lines as compared with free MTX [26] . We have recently reported dendrimer-based drug conjugates that target cancer cells through the folate receptors [18, [27] [28] [29] [30] [31] , prostate-specific membrane antigen [32] , Her2/neu [33] , and aub3 integrins [34] . For the 'targeted' drug delivery agents to be useful for clinical application, the compounds have to consistently show specific killing of the targeted cells. Therefore, measuring the effect of anticancer agents on the growth and survival of neoplastic cell populations in vitro is critical in the preclinical evaluation of the therapeutics [35, 36] . Recently, we have evaluated several lots of generation 5 (G5)-FA-MTX conjugate that target MTX to KB cells through the folate receptor and have found them preferentially cytotoxic to KB cells in vitro [31] . In this study, we extended the evaluation of the targeted nanotherapeutic by examining its effectiveness in an artificial heterogeneous tumor (AHT) in-vivo model [37, 38] . This AHT, which consists of cells from the human epithelial KB cell line, which overexpresses the folate receptor, and the human breast adenocarcinoma, SK-BR-3, cell line allows further confirmation of the targeting specificity and efficacy of a dendrimer-based nanotherapeutic.
Materials and methods
Materials G5 and 7 nonacetylated dendrimers (G5-PAMAM and G7-PAMAM) were synthesized at M-NIMBS, University of Michigan, as described earlier [28, 39] . The G7-PAMAM was used as a transfecting agent in the transfection of KB and SK-BR-3 cells with green fluorescent protein (GFP) and red fluorescent protein (RFP) plasmid DNA, respectively [40] . The plasmids pDsRed1-N1 and pAcGFP1-C1, which constitutively express red and green fluorescent proteins, respectively, under control of a P CMV IE promoter, were purchased from Clontech (Mountain View, California, USA).
The G5-PAMAM partially acetylated dendrimers were used to synthesize nanotherapeutics conjugated with FA and MTX [28, 30] . The G5-PAMAM onto which four FA and 10 MTX molecules were attached (Lot # 123-34), was manufactured by Cambrex Corporation (East Rutherford, New Jersey). Free MTX was purchased from Sigma (St. Louis, Missouri, USA).
Cell cultures
The KB, a human epithelial cancer cell line (ATCC, Manassas, Virginia, USA), overexpresses the folate receptor, especially when grown in a medium with a low concentration of FA [41] . The KB cells were grown as a monolayer cell culture at 371C and 5% CO 2 in either folic acid-deficient or complete (with 2.27 mmol/l FA) RPMI 1640 medium supplemented with penicillin (100 U/ml), streptomycin (100 mg/ml), and 10% heat-inactivated FBS. The SK-BR-3, a human breast adenocarcinoma cell line (ATCC), was maintained in McCoy's 5a medium supplemented with 10% heat-activated FBS, penicillin (100 U/ml), streptomycin (100 mg/ml), and 2 mmol/l L-glutamine.
To perform the coculture experiments, KB-GFP and SK-BR-3-RFP cells were mixed and grown to compare the growth rate of the two cell lines. The estimated doubling times for the KB-GFP and SK-BR-3-RFP cells were 24.8 ± 2.0 and 48.0 ± 7.3 h, respectively. To study the cytotoxic effect of the G5-FA-MTX conjugate in the coculture assay, 1 Â10 4 KB and 4 Â10 4 SK-BR-3 were mixed and seeded per well of a 12-well plate (0.5 ml/well). Twenty-four hours later the cells were treated with increasing concentrations of the G5-FA-MTX conjugate in complete or FA-deficient RPMI medium for 48-96 h and were analyzed using flow cytometry.
Transfection of KB and SK-BR-3 cells
Cell transfection was performed as described earlier [42] . Briefly, KB and SK-BR-3 cells were plated in 6-well plates 18 h before transfection to achieve 60-70% confluency. G7-PAMAM and either pDsRed1-N1 or pAcGFP1-C1 DNA were mixed to form a dendrimer/DNA complex for SKBR-3 or KB cells, respectively. The complex made with 1 mg of DNA and 6.5 mg of dendrimer was mixed with water and then allowed to form for 15 min at room temperature. The cells were washed with a serum-free medium, and 30 ml of the complex (1 mg DNA per well) was added to each well in 0.5 ml of the serum-free medium and incubated for 3 h at 371C, 5% CO 2 . The medium containing the complex was then replaced with complete growth medium. The cells remained in culture for 24 h before the selection of plasmid-transfected cells, using G418 (200 mg/ml). Single clones of stable transfectants were established by growing cells in a selective medium and cloning them using the limiting dilution technique. The expression of the reporter gene was analyzed using fluorescence microscopy and flow cytometry.
Quantitative PCR analysis
The following primers for the 500 bp fragment of the FBP a gene-spanning intron sequences were used for PCR. The primer set used was 5 0 -GCATGTGAATGCAGGTGA-3 0 and 5 0 -ACGGGCTTTCTAGGCAA-3 0 . The primer set used for the 500 bp fragment of the housekeeping gene (HKG), b-actin was 5 0 -TGCATCCTGTCGGCAA-3 0 and 5 0 -TACGCCTCTGgCCTA-3 0 . All primers were prepared by idtdna.com. Total RNA was isolated from cell lines using Tri Reagent (MRC, Cincinnati, Ohio, USA). cDNA synthesis (reverse transcription) was carried out with 1 mg of total RNA in the reaction containing 5 mmol/l MgCl 2 , 500 mmol/l of each dNTP, 2.5 mmol/l random hexamer primers, and 2.5 U/ml of reverse transcriptase (Superscript II RT, Invitrogen, Carlsbad, California, USA). Total RNA was reverse transcribed for 10 min at 251C, 50 min at 421C, and for 15 min at 701C. After reverse transcription the samples were incubated with RNase H (0.1 U/ml) for 20 min at 371C to remove the remaining RNA template. Quantitative PCR was performed using 0.001-0.1 mg of cDNA, 0.3 mmol/l of each primer, 1.25 U of Platinum Taq (Invitrogen), 0.2 mmol/l of each dNTP, 1.5 mmol/l MgCl 2 , 0.5X SYBR Green (Invitrogen), 0.2 mg/ml of bovine serum albumin Fraction V, 150 mmol/l trehalose, and 0.2% Tween 20. PCR was carried out in a Cepheid SmartCycler (Sunnyvale, California, USA) in a total volume of 25 ml, incubated at 951C for 2 min, followed by 45 cycles of denaturation at 951C (15 s), annealing at 661C (15 s) and extension at 721C (25 s). Finally, the melt curve of the product was made at 60-951C at 0.21C/s. Relative fold change (2 -DCt ) was calculated by normalizing the expression level of the FBP gene of interest (GOI) to the b-actin HKG. The expression levels of the two genes were divided as follows:
2 ÀCtðGOIÞ =2 ÀCtðHKGÞ ¼ 2 À½CtðGOIÞÀCtðHKGÞ ¼ 2 ÀDCt
Determining the 50% cytotoxic dose of methotrexate using the XTT assay
The cytotoxic dose of MTX resulting in a 50% reduction of the viable cells (CD 50 ) was determined by XTT assay for both cell lines. CD 50 was calculated by the extrapolation of the corresponding dose-response curve on a log-linear plot, using the portions of the curve that transected the 50% response point. The CD 50 (MTX) was 37 nmol/l for KB and 33 nmol/l for SK-BR-3 cells, respectively, indicating that these two cell lines are equally sensitive to the drug.
Flow cytometry analysis
At the end of the coculture assay, the cells were harvested, resuspended in PBS containing 0.1% bovine serum albumin, and acquired on a Beckman-Coulter EPICS-XL MCL flow cytometer. Collected data were analyzed using Expo32 software (Beckman-Coulter, Miami, Florida, USA). Dead cells were stained with propidium iodide dye as described earlier [43] . To estimate the absolute number of cells in each coculture, equal volume samples of the coculture were acquired and analyzed using flow cytometry.
Recipient animal and tumor model
A heterogeneous xenograft tumor model was established in NOD C.B-17 SCID mice, using tumor cells as described earlier [37] . Briefly, 5-6-week-old FOX CHASE SCID (C.B-17/lcrCrl-scidBR) female mice were purchased from the Charles River Laboratories (Wilmington, Massachusetts, USA) and housed in a specific, pathogenfree animal facility at the University of Michigan Health System in accordance with the regulations of the University's Committee on the Use and Care of Animals as well as with federal guidelines, including the Principles of Laboratory Animal Care. Animals were fed ad libitum with Laboratory Autoclavable Rodent Diet 5010 (PMI Nutrition International, St. Louis, Missouri, USA). The food was changed to a folate-deficient diet (TestDiet, Richmond, Indiana, USA) 7 days before tumor implantation [27] . AHTs were established on both flanks of the mice using two human cell lines, each one expressing a different fluorescent protein. Subcutaneous injection of 10 6 of cells of each clone (green KB-GFP and red SK-BR-3-RFP) was performed in a volume of 0.2 ml of PBS in both flanks of the mice. Subcutaneous tumor nodules appeared 7 days postimplantation. Subcutaneous injections of either the nanotherapeutic (G5-FA-MTX) or free MTX in 0.2 ml of saline were started 7 days after implantation. The mice were given equimolar concentrations of MTX or the nanotherapeutic (13.7 nmoles) per subcutaneous injection. The formula chosen to compute tumor volume was for a standard volume of an ellipsoid, where V=4/3;p (½ length Â ½ width Â ½ depth) as described elsewhere [44, 45] . With the assumption that width equals depth and p equals 3, the formula used was V=½ Â length Â width 2 .
Statistics
All data are expressed as a mean of values and ± SEs. Differences between the experimental groups and the control group were tested using the analysis of variance test.
Results

PCR analysis of the a-FBP receptor on KB and SK-BR-2 cells
The receptor status of cell lines was confirmed by quantitative RT-PCR and revealed the expression of folate binding protein mRNA in the KB-GFP cell clones and the KB parental cell line and the absence of the specific message in the SK-BR-3-RFP cell clones (Table 1 ).
In-vitro evaluation of G5-FA-methotrexate nanotherapeutic cytotoxicity against KB and SK-BR-3 cells
To evaluate the G5-FA-MTX nanotherapeutic, the coculture technique was applied as described by us earlier [31] . Using the coculture assay, we could calculate the absolute number of cells in both populations, which offers insightful information on the interaction of the tested anticancer drugs with both targeted and nontargeted (bystander) cells. The KB-GFP and nonfluorescent SK-BR-3 cells were cocultured together 24 h before the treatment. Afterward the cells were treated with the G5-FA-MTX nanotherapeutic for 48 h. The cells were harvested, stained with propidium iodide to exclude dead cells, and analyzed using flow cytometry. Figure 1 represents a dot plot of the cocultured control and treated cells. As shown in Fig. 1b , the G5-FA-MTX nanotherapeutic preferentially reduced the viability of the KB-GFP cells, compared with the SK-BR-3 cells, which do not express the a-FBP receptor and compared with the untreated control culture (Fig. 1a ). The preferential cytotoxic effect of the nanotherapeutic on the KB-GFP cells cocultured with SK-BR-3 cells after 48-h treatment is shown in Fig. 1 . It was statistically significant in a broad range of nanotherapeutic concentrations; however, in the higher concentrations it was also cytotoxic to some extent to SK-BR-3 cells. The cytotoxic effect was abolished when the cells were cultured in a medium containing high levels of FA (2.27 mmol/l), indicating competition for a-FBP receptors between FA and the G5-FA-MTX nanotherapeutic and the inability of the conjugate to kill KB cells in an excess of FA ( Fig. 2a vs.  Fig. 2b) . The cytotoxic effect of the nanotherapeutic was dose-dependent and time-dependent.
Evaluation of the G5-FA-methotrexate nanotherapeutic in vivo
Experimental animals were injected subcutaneously in both flanks with a mixture of 10 6 of KB-GFP (green fluorescent) and 10 6 SK-BR-3-RFP (red fluorescent) cells. Seven days after the heterogeneous tumor implantation, the mice were treated by subcutaneous injection of either the G5-FA-MTX or free MTX in 0.2 ml of saline, or saline alone. The injections were given twice a week for 4 weeks. The tumor size was measured on days 11 and 32 after implantation. Both cell clones contributed to tumor size, resulting in more frequent green fluorescent (KB-GFP) than red fluorescent (SK-BR-3-RFP) cells (data not shown). As shown in Fig. 3 , significant inhibition of tumor growth was observed on days 11 and 32 in the animals treated with G5-FA-MTX, compared with the saline-treated animals (P < 0.04). Treatment with free MTX inhibited tumor growth to some extent, compared with the inhibition of tumor growth in the saline-treated animals. There were also fewer targeted than non-targeted cells in the tumor posttreatment ( Table 2 ).
Discussion
Current cancer chemotherapies are dose-limited by side effects resulting from the cytotoxicity of normal and tumor cells. To overcome this problem, significant efforts have been made to target anticancer drugs exclusively to neoplastic cells [46] . This approach, however, has had limited success because of the absence of high-affinity targeting ligands for cancer cells. In addition, many targeted materials exceed the size required to escape the vasculature (< 50 nm) and interact with individual cells. Therefore, having a targeting therapeutic that is small enough to reach tumor cells and internalize with specificity is desirable.
Dendrimer-based drug delivery molecules have several potential advantages. Dendrimers are comparable in size to proteins and small enough (< 7.0 nm diameter) to escape the vasculature and target tumor cells, while remaining below the renal filtration threshold. Dendrimers are not retained in the filter organs and therefore do not need to undergo hepatic metabolism. The G5 PAMAM dendrimer is stable, nonimmunogenic [47,48; and J. Kukowska-Latallo, personal communication], and on average contains 110 primary amines. These amines provide ample reactive sites for the conjugation of the complex drug delivery systems and multiple chemical moieties, such as radiopharmaceuticals, dyes, and contrast agents. Dendrimers can also be chemically synthesized in large quantities, allowing for the potential scale-up of the technology.
In our earlier report we documented for the first time tumor cell-targeted delivery and the therapeutic effect of dendrimer-drug conjugates in vivo [27] . We showed a significant enhancement in the therapeutic index of a targeted dendrimer -drug conjugate over a free drug. This enhancement may have been due to a decrease in nonspecific toxicity, an increase in drug effectiveness, or both. Uptake of the targeted but not the control dendrimer conjugate can be partially inhibited in the tumor by an earlier administration of an excess of free FA [27] . This is consistent with the in-vitro binding and internalization studies of the multifunctional dendrimer conjugate [18] .
Although chemical and functional analysis of the G5-FA-MTX nanotherapeutic confirmed its structure and biological properties, there is still a need for a simple and dependable method to evaluate the large-scale synthesized nanotherapeutics in vivo. In our earlier study, we applied a coculture assay to test the effect of the drug on targeted and non-targeted cell populations simultaneously [31] . We found that this method better assesses preferential cytotoxicity towards targeted cells than the single celltype cultures used in XTT, clonogenic, and other types of cytotoxicity assays. In this study, in addition to the coculture assay, we extended preclinical evaluation and employed an artificial heterogeneous xenograft tumor model in NOD C.B-17 SCID mice to evaluate the new generation of nanotherapeutics. The tumor model applied here is capable of assessing the preferential toxicity of a nanotherapeutic against targeted cells (KB) in vivo. We observed tumor growth inhibition in mice treated with the nanotherapeutic, compared with mice treated with either free MTX or saline. Tumor growth inhibition after nanotherapeutic treatment, although significant, was not as dramatic as observed in our earlier study, in which we used a homogeneous xenograft tumor model consisting of a single targeted cell line (KB) and an intravenous delivery route [27] . In this study the AHT model consisting of fluorescent KB and SK-RB-3 cells allowed for direct examination of a relative number of targeted and non-targeted cells in the tumor using flow cytometry. The results showed that the targeted nanodevice preferentially killed KB-GFP cells. Indeed, despite the two-fold difference in doubling time (22.5 and 42.5 h for KB-GFP and SK-BR-3-RFP, respectively), there were fewer targeted than non-targeted cells in the tumor posttreatment ( Fig. 3 and Table 2 ).
The AHT used in this study enabled us to compare the targeting efficiency of the dendrimer-drug nanoconjugate to targeted (KB-GFP) and nontargeted (SKBR-3-RFP) cells. With the recent development of vectors expressing fluorescent proteins, which allow for the easy identification of different cell populations, a more sophisticated heterogeneous tumor model can be designed to supply more detailed information on the interaction of the targeted nanotherapeutics with cell populations having different growth rates in vivo.
Conclusion
In this report, we used a coculture assay and an artificial heterogeneous xenograft tumor model in NOD C.B-17 SCID mice to evaluate a new generation of nanotherapeutics both in vitro and in vivo. Data obtained from both studies showed preferential killing of targeted cells by the nanotherapeutic. These findings confirm the specificity of the G5-FA-MTX nanotherapeutic and predict its clinical applicability as a potential drug for targeted anticancer therapy. 
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Free MTX G5-FA-MTX Saline * * 1.0E+03 Inhibition of tumor growth in SCID mice. Mice were inoculated subcutaneously with a mixture (1 : 1) of KB-GFP and SK-BR-3-RFP; 10 6 cells of each cell line in 0.2 ml of PBS in each flank. Subcutaneous injections of equimolar concentrations (13.7 nmol) of the nanotherapeutic (G5-folic acid (FA)methotrexate (MTX) lot#123-34) or free MTX in 0.2 ml of saline were started 7 days after implantation. The mice were treated twice a week for 4 weeks. Tumor volumes (mm 3 ) were measured at 11 and 32 days after implantation (P < 0.04). Cells were released from tumors as described in Material and methods and fixed. Then 10 000 cells from each tumors sample were analyzed on flow cytometry. *P < 0.04.
